I. INTRODUCTION
W IDE-BANDGAP III-nitride-based avalanche photodiodes (APDs) are promising candidates for optical detection in the ultraviolet (UV) spectral region because of their potential capabilities of low dark-current density, large optical gain, small size, and low operation voltage as well as the possibility of Geiger-mode operation [1] - [5] . In addition, III-nitride materials can provide an intrinsic adjustable Recently, back-illuminated GaN p-i-n APDs and separate absorption and multiplication (SAM) APDs grown on sapphire substrates have been widely investigated in order to achieve low multiplication noise and high maximum gain because of a higher hole ionization coefficient [6] - [9] . However, the major issue for the realization of high-performance backilluminated GaN UV-APDs is the limitation of availability of UV-transparent substrates. Moreover, native substrates or thick GaN/sapphire templates with low dislocation densities cannot be used for back-illuminated UV-APDs without additional processing steps because of strong UV-light absorption in the thick n-type GaN layer below the active region as well as in GaN native substrates. Therefore, backilluminated GaN UV-APDs should be grown on Al x Ga 1−x N or AlN layers with a thin n-type layer on UV-transparent substrates [10] - [12] . However, the lattice mismatch and different thermal expansion coefficients between the substrates and the epitaxial layers create high defect densities including threading dislocations and strain-induced defects, that cause high leakage currents and premature junction breakdown, and it eventually degrades the device performance of backilluminated UV-APDs [13] , [14] .
In this letter, we demonstrate front-illuminated GaN p-i-p-i-n separation absorption and multiplication (SAM) UV-APDs with large detection areas grown by metalorganic chemical vapor deposition (MOCVD) on a bulk GaN substrate having low defect density, while achieving superior gain properties and reducing the breakdown voltage by employing impact-ionization engineering.
II. EPITAXIAL GROWTH AND MATERIALS CHARACTERIZATIONS
The epitaxial growth of GaN p-i-p-i-n UV-APDs with separate absorption and multiplication (SAM) regions was carried out using a metalorganic chemical vapor deposition (MOCVD) reactor system equipped with a close-coupled showerhead (CCS) growth chamber. n-type Si-doped bulk GaN substrates with a threading dislocation density lower than 5×10 4 cm −2 were used in this study. Trimethylgallium (Ga(CH 3 ) 3 , TMGa), trimethylaluminum (Al(CH 3 ) 3 , TMAl), and ammonia (NH 3 ) were used as Group III and V precursors. Secondary ion mass spectrometry (SIMS) was employed to investigate and confirm the actual doping profile and thickness of each layer, as described above.
In order to examine surface morphology and crystalline quality of epitaxial layer structure, atomic-force microscopy (AFM), Nomarski optical microscopy, and X-ray diffraction (XRD) were utilized. The AlN mole fractions in Al x Ga 1−x N epitaxial layers were determined by XRD measurements. In addition, Hall-effect measurements at 300 K were used to measure the electrical properties of p-Al 0.05 Ga 0.95 N:Mg and n-GaN:Si layers. The free-hole concentration of p-Al 0.05 Ga 0.95 N:Mg was estimated to be p ∼ 4.9 × 10 17 cm −3 with a mobility of μ p ∼ 7.4 cm 2 /V · s, resulting in a resistivity of ∼1.7 -cm, while the free-electron concentration of the n-GaN:Si layer was estimated to be n ∼ 5.0 × 10 18 cm −3 with a mobility of μ n ∼ 237 cm 2 /V · s at room temperature. Fig. 2 (a) and (b) show the microscopic surface morphology of a SAM-wafer grown on the bulk GaN substrate. The SAM-APD wafers reveal a smooth surface and a welldeveloped step-flow morphology without any visible nano-pit and dislocation-induced surface features with the root-meansquare surface roughness values of 0.113 and 0.137 for 1 × 1 μm 2 and 5 × 5 μm 2 scans, respectively, which indicates that the SAM-APDs on the bulk GaN substrate have improved crystalline quality.
III. DEVICE FABRICATION AND CHARACTERIZATION
OF GaN p-i-p-i-n SAM-APD For the fabrication of front-illuminated GaN p-i-p-i-n SAM-APDs, the SAM-APDs were defined into various mesa areas from 1,963 μm 2 to 10,000 μm 2 by low-damage inductively coupled plasma reactive-ion etching (ICP-RIE) using a Cl 2 /He carrier gas mixture. Ti/Al/Ti/Au and Ni/Ag/Ni/Au metal stacks were evaporated and annealed on the n-and p-type contact layers, respectively. To suppress mesa-sidewall leakage current and prevent premature breakdown under high reverse bias, a SiO 2 passivation layer was deposited using plasma-enhanced chemical vapor deposition (PECVD) with accessing via holes opened by subsequent ICP-RIE etching. Neither tapered mesa nor wet-etching treatment technique was employed in the SAM-APDs. Finally, thick Ti/Au metal stacks were evaporated for metal interconnects and bonding pads.
The calculated electric field distributions of the SAM-APDs at various reverse biases are shown in Fig. 3 . The simulation was conducted using Sentaurus TCAD and relevant parameters used in the simulation were obtained by referring to reported papers. The charge layer serves as a field-termination layer, which prevents further extension of the electric field from reaching through the lightly p-type doped absorption layer caused by the slow turn-off transient of the magnesium dopant source. Moreover, the extension of depletion region from the absorption layer is impeded by the decreased electric field in the graded p-type charge layer, and thus further increases the electric field in the depleted multiplication region. The maximum electric field profile in the multiplication region exceeds 3 MV/cm at the breakdown voltage (V B R ) of 80 V, which approximately corresponds to the reported critical breakdown electric field in GaN APDs [6] . The current-voltage (I-V) characteristics of the GaN p-i-p-i-n SAM-APDs were measured using a Keithley Model 4200 Semiconductor Characterization System under both dark conditions and UV-illumination with a peak wavelength of λ = 340 nm. Fig. 4 (a) shows the darkcurrent density, photocurrent density, and the calculated avalanche gain for the SAM-APD with the large detection area of 5,625 μm 2 . Under the dark conditions, the leakage current of the SAM-APD exhibits a very low I R ∼ 7.0 × 10 −14 A, corresponding to a current density J R_Dark < 1.0 × 10 −9 A/cm 2 , up to a reverse bias of V R = 40 V. It then monotonically increases until reaching the onset point of V B R ∼ 73 V, which is ∼23 V lower than that of the previously reported GaN p-i-n APDs [2] , and the value of this experimental result is in good agreement with the value of the simulated result as shown in Fig. 3 . We believe that SAM-APDs with lower breakdown voltage can offer a reduced possibility of microplasma formation, lower DC bias for single-photon detection, and lower power consumption. Beyond this voltage, a sharp increase of the dark current density is observed. This steep V B R implies that the avalanche multiplication process by impact ionization in the multiplication region occurs predominantly under a high electric field so that it can lead higher photon detection efficiency. In addition, no microplasmas or premature junction breakdown from side wall were observed at reverse bias voltages over the onset point of V B R after multiple I-V scans.
Under UV-illumination at λ = 340 nm, the SAM-APD shows a photocurrent density of J Photo = 5.6 × 10 −6 A/cm 2 which remains constant up to a reverse bias of V R = 50 V. As the reverse bias increases, the behavior of the photocurrent density exhibits a similar trend with that of the dark current density. The avalanche gain is calculated by the difference between the reverse-biased photocurrent and the dark current divided by the difference between the unity photocurrent and dark current which is taken from the flat portion of the I-V curves for reverse bias up to V R = 50 V. The avalanche gain of the SAM-APD in Fig. 4 (a) is 7.8 × 10 3 at the onset point of V B R ∼ 73 V, and reaches a maximum avalanche gain higher than 5.0 × 10 6 at V R = 75 V. This sharp increase in avalanche gain above the onset point of V B R indicates that the SAM-APD experiences strong avalanche multiplication process.
The comparison of the onset point of V B R and the maximum gain properties of the SAM-APDs for various mesa areas from 1963 μm 2 to 10,000 μm 2 are shown in Fig. 4 (b) . The onset point of V B R of the SAM-APDs with different mesa areas are almost the same and in the range between 72.5 V and 73 V with small variation. Even though the maximum avalanche gains of the SAM-APDs slightly decreases to 8.0 × 10 5 as the mesa area increases to 10,000 μm 2 , the maximum avalanche gains are higher than 8.0 × 10 5 regardless of mesa area. These results are significantly larger than that in previously published reports for GaN APDs having large detection areas, which suggests that the GaN p-i-p-i-n SAM-APDs are more sensitive than conventional p-i-n APDs [14] , [15] . We believe that the uniform onset point of V B R of the SAM-APDs with various large detection areas can be attributed to the homoepitaxial growth with reduced dislocation densities and defects, low etching damage, and high-quality passivation layers on the mesa sidewall. Furthermore, increased maximum avalanche gain and reduced V B R of the SAM-APDs suggest that photogenerated electrons are promoted to transport toward the multiplication region by increasing the doping level of the charge layer through impact ionization engineering [16] .
The bias-dependent spectral response of the GaN p-i-p-i-n SAM-APD with the detection mesa area of 75 × 75 μm 2 was measured under front-illumination with an Oriel xenon lamp attached to a Cornerstone 260 monochromator/chopper system and lock-in amplifier. As shown in Fig. 5 , the zero-biased photocurrent exhibits the peak responsivity of 42.5 mA/W at λ = 366 nm, corresponding to an external quantum efficiency (EQE) of 14 %, with an absorption edge at 390 nm. At the reverse bias of 70 V, however, the peak responsivity increases to 320 mA/W at λ = 376 nm, corresponding to an EQE of 106 %. In addition, with increasing reverse bias, the peak absorption wavelength shifts slightly from 366 nm to 376 nm due to the Franz-Keldysh effect. Furthermore, the SAM-APD with p-type Al 0.05 Ga 0.95 N layer presents relatively narrower responsivity ranges at shorter wavelength region compared to SAM-APDs with p-type GaN layer [17] . This fact confirms that the p-type Al 0.05 Ga 0.95 N layer serves as the window layer, resulting in reduction in UV-light absorption in p-type contact layer. Thus, it can bring about more absorption occurring in the absorption layer. For further enhancement of the responsivity and EQE of the front-illuminated SAM-APDs, higher-Al-composition p-type Al x Ga 1−x N layer or thicker absorption layer can be used.
IV. SUMMARY
We have demonstrated GaN p-i-p-i-n SAM UV-APDs with large detection area grown on low-dislocation-density bulk GaN substrates by MOCVD. For the front-illuminated SAM-APD structures, a p-Al 0.05 Ga 0.95 N:Mg layer was introduced as a window layer for the reduction of the UV absorption in the p-type contact layer. After multiple I-V scans, the fabricated SAM-APDs showed stable and low leakage current density J R_Dark < 1.0 × 10 −9 A/cm 2 up to the reverse bias of V R = 40 V. Under UV-illumination at λ = 340 nm, the SAM-APDs exhibited large avalanche gains greater than 8.0 × 10 5 at a reverse bias of V R > 72.5 V regardless of mesa areas increasing to 10,000 μm 2 . Moreover, the onset points of the V B R of the SAM-APDs for all mesa areas were around 73 V. We believe that the lower onset values of V B R and the large avalanche gains of the SAM-APDs are attributed to optimized homoepitaxial growth, sophisticated fabrication processing, and the Mg-graded p-GaN charge layer designed by employing impact-ionization engineering.
